The basal proton motive force (PMF) levels and the influence of the bacteriocin nisin on the PMF were determined in Listeria monocytogenes Scott A. In the absence of nisin, the interconversion of the pH gradient (ZApH) and the membrane potential (A4) led to the maintenance of a fairly constant PMF at -160 mV over the external pH range 5.5 to 7.0. The addition of nisin at concentrations of .5 tag/ml completely dissipated PMF in cells at external pH values of 5.5 and 7.0. With 1 ig of nisin per ml, ApH was completely dissipated but A* decreased only slightly. The action of nisin on PMF in L. monocytogenes Scott A was both time and concentration dependent. Valinomycin depleted only A*, whereas nigericin and carbonyl cyanide m-chlorophenylhydrazone depleted only ApH, under conditions in which nisin depleted both. Four other L. monocytogenes strains had basal PMF parameters similar to those of strain Scott A. Nisin (2.5 ,ug/ml) also completely dissipated PMF in these strains.
Listeria monocytogenes is a gram-positive, facultatively anaerobic rod that has emerged as an important food-borne pathogen (11, 33) . Listeriosis can be life threatening to pregnant women, newborns, infants, and immunocompromised adults (27) . L. monocytogenes has become a major concern to the food industry because of reports of listeriosis outbreaks associated with foods (7) . The inherent biological characteristics of this pathogen make it difficult to control in foods (18) . L. monocytogenes is widely distributed in the environment. It has been isolated from soils, plants, sewage, and water (7) ; it is able to grow under refrigeration conditions (15, 34, 38) ; it is resistant to relatively high levels of NaCl (9, 18) ; it can initiate growth at low pH values (9, 15) ; it can survive for long periods under dry conditions; and it is among the most heat resistant of vegetative bacterial cells (26) .
The use of bacteriocins produced by lactic acid bacteria that are generally recognized as safe may provide a means to control L. monocytogenes in foods. Bacteriocins are biologically active proteins with antimicrobial properties that vary in spectrum of activity, mode of action, genetic determinants, and biochemical characteristics (24, 37) . Bacteriocin production has been associated with lactococci (36) , lactobacilli, and pediococci from various foods. The effectiveness of nisin and other bacteriocins against L. monocytogenes has been extensively demonstrated (3-5, 8, 17, 25, 35, 39) .
Nisin, which is produced by certain Lactococcus lactis strains, is the most extensively studied bacteriocin of a gram-positive organism (19) . Nisin has decades of safe international use (10) and is the only bacteriocin that is generally recognized as safe in the United States for use in processed cheese spreads (12) . Early experiments regarding the mode of action of nisin pointed to the cytoplasmic membrane as the biological target (30) . Nisin renders the cytoplasmic membranes of some bacterial species permeable to ions and low-molecular-weight cellular compounds. Furthermore, the addition of nisin to intact cells and membrane vesicles leads to the immediate collapse of the membrane potential (A+i) (32) . Recent studies by Gao et al. (14) demonstrated that nisin dissipates not only the membrane potential but also the pH gradient (ApH) in artificial liposomes and that nisin requires an energized membrane to exert its effect.
In this paper, we elucidate for the first time the basal bioenergetic parameters of L. monocytogenes and report the influence of nisin and common ionophores on the pH gradient, membrane potential, and total proton motive force (PMF) in energized cells. We report that L. monocytogenes cells maintained basal bioenergetic parameters that were typical of facultative anaerobes and that nisin totally dissipated the membrane potential and pH gradient in energized cells, leading to the complete collapse of the PMF.
MATERIALS AND METHODS
Culture conditions. L. monocytogenes 20°C before the probes were added. For the experiment on the time dependence of nisin action, energized cells were incubated with nisin for specified intervals before the radioisotopes were added and equilibrated. After the cells were incubated with the probes, 0.4 ml of silicone oil (96% mixture with octane, final density, 1.02 g/ml) was added to the suspension. The cells and the supernatant were separated by centrifugation through the silicone oil layer at 13,000 x g for 6 min. For the pH gradient determination only, samples (100 pul) of the supernatant top layer were removed for measuring radioactivity. For the pH gradient and membrane potential determinations, the aqueous layer and most of the silicone oil were removed with a pipette. Residual silicone oil was removed by swabbing the tube with a cotton swab. Then the bottom portions of the tubes containing the cell pellets were cut off directly into scintillation vials containing 5 ml of scintillation cocktail (Ecosint H; National Diagnostics) and 0. (20) . However, cell volumes change considerably under various metabolic conditions (31); Ita and Hutkins used overnight cultures, whereas in this study we used midlog-phase glycolyzing cells, which might be smaller. Nevertheless, the PMF calculations are relatively insensitive to variations in Vi.
Determination of the basal bioenergetic parameters. The PMF is composed of the membrane potential and the pH gradient, as given by the equation PMF = A -ZApH, where Z equals 2.3 (RT/F) and R, T, and F are as described previously (16) . The basal bioenergetic parameters for L.
monocytogenes Scott A were determined over the pHe range of 5.5 to 7.0. At pHe 5.5, the ZApH (alkaline inside) was as high as 104.0 mV and decreased to 25.7 mV at pHe 7.0. The Al4 (negative inside) increased from -65.9 mV at pHe 5.5 to -116.2 mV at pHe 7.0 (Fig. 1) . The interconversion of AtJ and ZApH over this pHe range led to the maintenance of a reasonably constant PMF around -160 mV, which is typical of facultative anaerobes (21) .
L. monocytogenes Scott A cells maintained their internal pH (pHi) at approximately 7.5 over a pHe range of 5.5 to 7.0. This is within the pHi range reported for neutrophiles (6) . Because the pHi was constant, the ApH decreased from 1.7 pH units at pHe 5.5 to 0.4 pH unit at pHe 7.0. In contrast, Ita and Hutkins (20) report that the ApH was constant at 0.2 pH unit for L. monocytogenes Scott A cells between pHe 5.5 and 6.5 during growth when pHe was maintained by adding weak organic acids. These differences may be explained by the nature of the experimental systems used. In our experiments, cells were resuspended in a biological buffer (MES) designed to minimize interference with the metabolic processes of the cells. This buffer did not cause acidification of the cytoplasm. Ita and Hutkins (20) grew cells in media to which weak organic acids were continually added. The neutral species of these organic acids diffuse across the cell membrane, whereas the ionic species are impermeable (31) . (Fig. 2) . Further incubation led to the complete dissipation of ZApH and to an additional reduction of Au, to -64.2 mV after 30 min of exposure to nisin. This time interval was used for concentration dependence studies, which were conducted at PHe 6.5 because ApH and A* contribute equally to the PMF at this pH. The addition of 0.5 ,ug of nisin per ml caused a modest reduction of ZApH and A*, (Fig. 3) . Nevertheless, There were no detectable differences between the results with nisin concentrations of 1.0 and 1.5 ,ug/ml, whereas 2.5 jig of nisin per ml completely dissipated the two components of PMF. These results are consistent with the time and concentration dependencies found in other experimental systems (14, 32) . (Table 2) . lonophores have been extensively used to control either one or both components of PMF by increasing the ionic permeability of the membranes (1, 13, 14, 29) . Nigericin carries out the antiport of K+ for H+ and can therefore be used to dissipate pH gradients in an electroneutral manner (16) . The addition of 2.0 ,uM nigericin to L. monocytogenes Scott A cells caused the total dissipation of ZApH and a 21% increase in Ali. (Table 3 ). The addition of 2.5 ,ug of nisin per ml totally dissipated PMF in Scott A cells.
Likewise, in strains V7, FRI-LM 103M, F5065r, and ATCC 19115r, the PMF was completely depleted by 2.5 ,ug of nisin per ml. These data suggest that L. monocytogenes strains are quite nisin sensitive, in contrast to the relative insensitivity and strain-variable response shown by Clostridium botulinum (28) .
Nisin has been approved for use in processed cheese spreads at maximum additio-t levels of 10,000 IU/ml to prevent the outgrowth of C. botulinum spores (10) . We report here that nisin at 2.5 jig/ml (100 IU/ml) depleted PMF in five L. monocytogenes strains. During this period the culture viability decreased by 5 log cycles (data not shown). These data demonstrate that nisin is very potent against L. monocytogenes and strongly support its use in foods. However, the appropriate nisin levels for use in a given food system must be established by challenge studies with L. monocytogenes in that specific product.
